X-ray Raman compression via two-stream instability in dense plasmas 
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A Raman compression scheme suitable for x-rays, where the Langmuir wave is created by an 
intense beam rather than the pondermotive potential between the seed and pump pulses, is proposed. 
The required intensity of the seed and pump pulses enabling the compression could be mitigated by 
more than a factor of 100, compared to conventionally available other Raman compression schemes. 
The relevant wavelength of x-rays ranges from 1 to 10 nm. 

PACS numbers: 52.38.-r, 52.35.-g, 42.60.-v, 52.59.-f 
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The Backward Raman scattering (BRS) is a three 
wave interaction where the beating pondermotive poten- 
tial from the two light waves (the pump and the seed 
pulses) creates a Langmuir wave, which in turn channels 
the energy from the pump to the seed pulse. Recently, 
the BRS-based compression schemes for x-ray lasers have 
been studied [l-Tj. One major practical difficulty of this 
scheme is the requirement of high intensity of the pump 
and the seed pulses. In the visible light regime, the 
chirped pulse amplification (CPA) 8J can be used to over- 
come this issue. However, it remains as a challenge for 
x-rays, where the amplification scheme is unavailable Q. 
Any progress leading to the mitigation of this require- 
ment would enhance the feasibility of the x-ray Raman 
compression. 

The two-stream instability, which has been used in 
an amplification scheme for the low-frequency light 
waves [Mil, is a good candidate for this progress. Re- 
cently, the proton and the electron beams have been gen- 
erated by irradiating an intense laser to a thin metal tar- 
get [13l4ld |. with a view to generate a hot spot in the 



inertial confinement fusion 17-23|. Such beams are so 
intense that it can make a dense plasma unstable. The 
goal of this paper is to propose a BRS-based x-ray com- 
pression scheme utilizing the two-stream instability of the 
beam in dense plasmas. 

Imagine an intense plasma beam propagating through 
a background dense plasma. When the Langmuir wave 
gets amplified by extracting the free energy available 
from the beam (via the two-stream instability), rather 
than from the beating pondermotive potential, the re- 
sulting Langmuir wave would be much more intense than 
the one that would have been excited in a stable plasma 
with the same seed and pump pulses. It will be shown 
that the seed and the pump pulses, orders of magnitude 
less intense than what are needed for the conventional 



BRS-based x-ray compression 0, 0] , could be still com- 
pressed. In this case, the pondermotive potential acts as 
an initial seed rather than the driver in generating an in- 
tense plasmon. The relevant background electron density 
turns out to be 10^"^ ^ 10^'^cm^'^ and the beam electron 
density is 10^^ ^ 10^^ cm~'^, where the electron drift en- 
ergy is of a few keV. The scheme to be proposed here 
is relevant to the x-rays of the wavelength 1 to 10 nm. 
When considering the two-stream instability for the x- 
ray BRS, it should be noted that the physical processes 
in dense plasmas are different from those in classicalplas- 
mas [6l. l2l| - [23| . In particular, the Umklapp process 
and the quantum-mechanical effect (6|] have been exam- 
ined. 

Consider an electron beam of the density Sue drifting 
with the velocity Vb through a background plasma of the 
electron density Ug. The electron beam may have been 
generated either as an accompanying electron cloud of 
an intense proton beam or by an intense laser impinging 
to a thin metal. Let us assume that |Vb| is much larger 
than the thermal speed of the background (beam) elec- 
tron Vte = ^/Te/nie (wteb = \/Teb/me), whcrC Tg [Teh) 

is the background (beam) electron temperature. The di- 
electric function of the electron can be shown to be 
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where cjpc = ^/^wn^^'prnl and (5wpc ~ yJ'i'KSnee^ /me- 
The two-stream instability exists when at least one of 
the solutions has a positive imaginary part, i.e., w/ > 0, 
where LOg = ^^fi + is the most unstable solution to 
the relation e = 0. In the regime of our interest, Srie is 
much smaller than ne. The existence of the two-stream 
instability in such cases is calculated for a range of |k| 
(Fig.[l]). 

For the seed and the pump pulses in the x-ray Raman 
compression, a pondermotive potential e^o cos(k-x— Wpt) 
would generate a Langmuir wave. According to the linear 
theory, the Langmuir wave amplitude fi/Uf, in a stable 
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FIG. 1: The real (cjfl/tjpc) and the imaginary (a;//ajpo) part of 
the most unstable mode, as a function of k/kp, where kp = 
(STT^rie)^''"^ is the Fermi wave vector, rie — 10^* cm~^, and 
meVff = 1.25 keV, for three values oiSrie/ne — 0.05, 0.1, and 
0.2. 



plasma has the maximum of 
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where n is the density perturbation from the wave and 7 
is the plasma damping rate [7]]. Note that the damping 
rate 7 is at least Wpe/100 due to the Umklapp process in 
dense plasmas of our interest [llj . In the presence of the 
two-stream electron beams, rimax could exceed the value 
given in Eq. If cjp = w/j, the Langmuir wave of the 
unstable mode would grow without any phase lag with 
respect to the pondermotive potential. When ujp ^ cjij, 
the unstable mode still grows from the instability, but, as 
a consequence of the phase oscillation between the Lang- 
muir wave and the potential, the direction of the energy 
flow oscillates between the pump and the seed pulses with 
the oscillation frequency ^ |wp — LiJr\ instead of flowing 
from the pump to the seed. Therefore, it is better to 
match the frequency of the pondermotive potential to 

Let us verify the above statement. Consider the physi- 
cal parameters in Fig. [1] for the case of Snf-jne = 0.1. For 
k = 0.2kF, we integrate the 1-D fluid equations for the 
two electron beams in the presence of a small pondermo- 
tive potential. The continuity, the momentum balance, 
and the Poisson equations are consistently integrated us- 
ing a pseudo-spectral method, in the presence of a po- 
tential (ppod = 00 cos(fca; — ojpt), where e4>o is as small 
as 0.01 eV. The numerical integration shows that the 
Langmuir wave grows with the rate luj and the ampli- 
tude eventually exceeds the maximum amplitude from 
the linear theory in Eq. ([2]). In particular, when ujp — ujji 
is satisfied, the wave grows with the rate w/, while re- 
maining synchronized with the pondermotive potential. 
When n/ue = 0.4, the wave does not grow any longer, 



FIG. 2: 1-D simulation of the Raman compression, where 
Tie = 10^" cm-^ Sn^ = O.lne nielf = 1.25 keV, k = 0.2A;f = 
6 X 10^ cm~^ and kp = S x 10~* cm~^. Each pulse is sep- 
arated by 500/ajpc in time, and x is normalized by uupc/c. 
The relevant wavelength of the seed and the pump pulses is 
A = 2n/{k/2) ~ 2 nm and uj/ujpc = 15. — —0.2 Wpe as been 
computed in Fig. [T] and we neglect the Landau damping and 
the Umklapp process (7 ~ 0.04 iUpc). In the simulation, the 
intensity of the seed and the pump pulses is 2.5 x 10^^ W/cm^. 



rather it starts to break. Qualitatively the same behavior 
is observed in various other parameter regimes not shown 
in Fig. m 

The creation of the plasmon with moderate pump and 
seed pulses has an important implication on the BRS- 
based compression of the x-rays. The 1-D BRS three- 
wave interaction can be described by [2jj: 
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where Ai = eEi/rrietOiC is the ratio of the electron quiver 
velocity of the pump pulse {i = 1) and seed pulse (i = 2), 
relative to the velocity of the light c, and A3 = Ue/rie is 
the the Langmuir wave amplitude, {V2) is the rate 
of the inverse bremsstrahlung of the pump (seed), 1^3 is 



the plasmon decay rate, Ci 



LO' 



f,/2uji for i = 1 and 2, 



C3 = (eg) /2w3, and uji{uj2) is the frequency of the pump 
(seed) pulse. In the regime of our interest, vi (1^2) is small 
and almost negligible as shown by Son, Ku and Moon ■ 
In the absence of the two-stream instability, 1/3 becomes 
positive due to the Landau damping and the Umklapp 
process. When the two-stream instability dominates over 
the damping, 1/3 becomes negative {U3 = luj). We also as- 
sume that, when A3 > 0.4, 1/3 is positive and large due to 
the wave breaking. A simple 1-D simulation of the above 
equation based on the pseudo-spectral methods shows 
that the pump pulse can be compressed by a factor of. 
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as big as 400 (Fig. [2])- It should noted that the intensity 
used in this numerical calculation (2.5 x 10^^ W/cm^) is 
less than the one used in Ref. 0, which is the minimum 
intensity of the seed and the pump pulses for the x-ray 
compression in a stable plasma, by more than a factor 
100. 

To summarize, a new scheme of the backward Raman 
compression is proposed. This scheme would enable the 
compression of x-rays, using a pump and seed pulse of as 
little as 0.01 times what is required for the case of stable 
plasmas. However, this scheme requires a powerful beam 
which, in turns, needs a powerful visible light laser of at 
least kJ power. This trade-off is not a concern thanks 
to currently available powerful lasers in the visible light 
regime. When this scheme becomes realized, a small x- 
ray laser facility with moderate laser power would enable 
the x-ray Raman compression. 

One possible concern would be the premature Back- 
ward Raman pump depletion from the instability of the 
background noise plasmons, which can be overcome by 
the reduced Landau damping of the x-ray suppressed via 
the band gap effect [i'] . Consider the physical parameters 
used for the example in Fig.[2l and let us assume that the 
electron temperature of the background plasma is 400 eV. 
Then the damping contribution from the Umklapp pro- 
cess |21| is 0.02 Wpe and the Landau damping is 0.2 ojpe- 



Most instabilities of noise plasmons would be suppressed 
by the Umklapp process and the Landau damping. How- 
ever, the Landau damping from the pondermotive po- 
tential would be reduced considerably due to the band 
gap effect 0, where the classical bounce frequency is 
much lower than ftfc^/2me and the amplification of the 
Langmuir wave is still possible. More detailed estimation 
should be addressed through the quantum particle-in- 
cell simulation using the mean-field theory (the so-called 
Hartree-Fock approach), which is in progress. 

The drift energy of the accompanying electrons of the 
proton beam is much lower (a few keV) than the that of 
the electron beam directly generated from the laser-metal 
interaction (10 McV). It is well-known that there is no 
instability if kVt ^ ujpc- As a high-k and high frequency 
X-ray is preferred, the proton beam is preferred to the 
electron beam in the Raman compression. 
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